We used the technique of functional magnetic resonance imaging to chart the colour pathways in the human brain beyond V4. We asked subjects to view objects that were dressed in natural and unnatural colours as well as their achromatic counterparts and compared the activity produced in the brain by each condition. The results showed that both naturally and unnaturally coloured objects activate a pathway extending from V1 to V4, though not overlapping totally the activity produced by viewing abstract coloured Mondrian scenes. Normally coloured objects activated, in addition, more anterior parts of the fusiform gyrus, the hippocampus and the ventrolateral frontal cortex. Abnormally coloured objects, by contrast, activated the dorsolateral frontal cortex. A study of the cortical covariation produced by these activations revealed that activity in large parts of the occipital lobe covaried with each. These results, considered Keywords: colour vision; V4; hippocampus; functional MRI; inferior temporal cortex Abbreviations: fMRI ϭ functional magnetic resonance imaging; SPM ϭ statistical parametric map; SPM{t} ϭ SPM of the t statistic; SPM{Z} ϭ SPM{t} transformed to the normal distribution; TE ϭ time to echo; TR ϭ time to repeat
Introduction
'If the sensation which we call colour has any laws it must be something in our own nature that determines the form of these laws . . . The science of colour must therefore be regarded as essentially a mental science. ' James Clerk Maxwell, 1872 The aim of the work reported here was to chart the colour pathways of the brain beyond area V4, by asking what areas are activated when normal humans view colours as properties of objects rather than as abstract compositions, as in the coloured Mondrians that we and others have used in previous studies. What we call colour is the result of a complex operation undertaken by the brain, whose essence lies in a comparison of the wavelength composition of the light reflected from
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against the background of previous physiological and clinical studies, allow us to discern three broad cortical stages of colour processing in the human brain. The first is based on V1 and possibly V2 and is concerned mainly with registering the presence and intensity of different wavelengths, and with wavelength differencing. The second stage is based on V4 and is concerned with automatic colour constancy operations, without regard to memory, judgement and learning. The third stage, based on the inferior temporal and frontal cortex, is more concerned with object colours. The results we report, as well as the schema that we suggest, also allow us to reconcile the computational theory of Land, implemented without regard to cognitive factors such as memory and learning, and the cognitive systems of Helmholtz and Hering, which view such factors as critical in the determination of colours.
one surface with that reflected from surrounding surfaces (Land, 1974 (Land, , 1983 . It is this remarkable capacity that leads to the phenomenon that we call colour constancy, the ability to assign a constant colour to a surface regardless of the spectral composition of the light in which it is viewed. It constitutes the single most important property of the colour system, for without it colour vision would lose its importance as a biological signalling mechanism. We know a little of the way in which the brain implements such an operation. It almost certainly involves several steps centred on at least three different areas: V1, V2 and V4 (Zeki, 1984 (Zeki, , 1993 . Computational theories have outlined ways in which such an operation can be implemented (Land, 1974; Courtney et al., 1995) . But of how the brain undertakes these operations and of whether its implementation differs from that suggested by computational theories of colour vision we are more or less ignorant.
Computational theories emphasize the implementation of an operation that is undertaken without regard to memory, learning or judgement (e.g. Land, 1974) . Land coined the term retinex to indicate that the crucial comparisons might occur anywhere between the retina and the cortex, although we now know that the most likely site is the cortex, and more specifically area V4 (Zeki, 1993) . There have been other, more vaguely formulated, views that have considered factors such as memory and learning to be critical for colour constancy, and have thus also implicated the cortex. Helmholtz (1867) wrote of the importance of judgement in 'discounting the illuminant', through the undefined process of the 'unconscious inference' (Helmholtz, 1867) . Hering (1877 Hering ( /1964 emphasized memory. However ill defined such factors may seem, and however vague the role imputed to them in the generation of constant colours, the terminology leaves little doubt that, implicitly at least, the involvement of higher cognitive functions and therefore of the cerebral cortex was deemed to be critical.
Our previous physiological and imaging work on colour vision used Mondrian stimuli (Zeki, 1983a,b; Zeki et al., 1991; McKeefry and Zeki, 1997) . These are relatively simple multicoloured abstract scenes with no recognizable objects, thus ensuring that factors such as memory and learning do not play a significant role. Indeed it is for this very reason that Land settled on the Mondrian stimulus and Mondrian himself settled on his compositions, since he wanted to abstract forms and represent their constant elements (Mondrian, 1937) . But colour is usually a property of recognizable objects and surfaces and here the emphasis on knowledge, memory and learning-highlighted by Helmholtz, Hering and others-might be of critical importance, not to the exclusion of the operations of the brain to generate constant colours, but in addition to them. We therefore thought it interesting to extend our previous work and learn whether the same pathways are involved when subjects view colours as abstract compositions and when they view them as properties of objects, our supposition being that areas beyond V4 would be recruited in the latter instance. Here we became inspired by fauvism, an art movement that had many aims. The aim that is of interest to us in this context is that of the 'liberation of colour' to give it greater emotional and expressive power (Arnason, 1977) , an aim also pursued by non-fauvist artists such as Frantişek Kupka and Adolf Hoelzel, who were more interested in non-iconic colour abstraction. But what was colour to be liberated from? The impossibility of liberating it from form on a two-dimensional canvas led the fauvists to adopt the only physiologically viable solution: to 'liberate' colours by investing objects with colours which they are not usually associated with, a classic example being André Derain's painting Charing Cross Bridge, London (Fig. 1A) . Such compositions, unnatural in colour, also involve knowledge, to the extent that we learn to associate certain colours with certain objects. We therefore decided to enlarge our experiments further, and enquire not only into what brain areas are activated when we view objects in their natural colours but also how our brains react when we enter this fauvist world and view the same objects when dressed in unnatural colours. The results, taken in conjunction with previous work, incline us to discern three broad cortical stages in human colour perception, with probable subdivisions within each.
Material and methods Subjects
Nine male subjects with an average age of 27.1 years participated in the experiments. All had normal colour vision and normal or corrected vision. Seven were right-handed and two were left-handed. All gave informed consent and the experiment was approved by the National Hospital for Neurology and Neurosurgery Ethics Committee.
Stimuli
The stimuli consisted of naturally and unnaturally coloured common objects, divided into three groups: (a) 16 scenes of fruits and vegetables, animals and landscapes in their natural colours, of which one example is given in Fig. 1B ; (b) the same scenes as in (a) but in abnormal colours (for an example see Fig. 1C ); and (c) the achromatic (black, white and grey) version of (a) which acted as the baseline against which to judge colour activation. By achromatic counterpart we mean the black, white and grey versions of the coloured stimuli. We do not mean to imply that black, white and grey are not colours. They are regarded as colours by scientists such as Hering (1877 Hering ( /1964 and Land (1974) , as well as by artists (e.g. Matisse, 1972) . Without discussing the merits of different classifications, we simply state that the achromatic counterparts were much more restricted chromatically. To equate each individual part of the coloured and grey pictures for luminance would have been an insuperable task; we therefore converted each coloured picture to its grey-scale version using Adobe Photoshop 3.1. This respected the overall luminosity (in the range of 0.28 and 1.72 cd/m) of the coloured versions in relation to the grey ones. (d) The control (rest) condition consisted of a black screen. The results that we obtained made it interesting enough to extend our observations further and include another experiment, done more in the nature of a control. This was identical in design and procedure to the one described by McKeefry and Zeki (1997) , in that it used the multicoloured abstract Mondrian scene and its achromatic counterpart, but differed in using additionally the normally coloured objects and their black and white counterparts; we undertook it to learn whether the part of the fusiform gyrus activated by the multicoloured Mondrian is also activated by normally coloured objects. We did not undertake the direct comparison between coloured Bridge, London (1906) , National Gallery, Washington, DC. © ADAGP, Paris and DACS, London 1998. Reproduced with permission. Part (B) is an example of a scene in natural colours used in this study, while (C) shows the same scene in unnatural colours.
Mondrian and coloured pictures, and vice versa, because the different natures of the two types of stimuli (the coloured pictures in fact involved objects, semantic components and a large number of colours, whereas the Mondrian scenes did not) would make the results impossible to interpret.
The stimuli were generated by an Apple 7500/100 computer running Cogent (O. Josephs, Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK). The output of the computer was fed to a liquid crystal display projection system. The stimuli were projected onto a translucent screen and the subjects viewed the image via a mirror angled at 45°. Prior to the experiment subjects were informed that they would be viewing both normally and abnormally coloured objects. The different conditions-normally coloured and abnormally coloured objects and their black and white counterparts-were presented in a random sequence, each followed by a 30.12 s rest condition. Each condition was presented for 30.12 s, during which two different pictures of the same category flashed alternately at the rate of 1 Hz. Each condition was repeated eight times during a session, followed by a 30.12 s rest period, giving a total of 240 scans per individual (Fig. 2) .
Image acquisition
Functional images sensitive to blood oxygenation leveldependent contrast were acquired on a Siemens 2T Vision scanner with a head radio-frequency resonator, using a gradient echo planar imaging sequence (TR ϭ 6.024 s, TE ϭ 40 ms). The images consisted of 64 transverse slices, each being 64 ϫ 64 pixels (voxel size 3 ϫ 3 ϫ 3 mm). T 1 -weighted structural images were obtained in the same session. SPM software, modified for fMRI (Friston et al., 1995a (Friston et al., , b, 1996 , was used to analyse the results. Each volume was realigned in order to remove motion artefacts and was spatially normalized to the stereotaxic space of Talairach and Tournoux (1988) . The images were smoothed with an 8 mm full-width half-maximum Gaussian filter. After specifying the appropriate design matrix, changes in the haemodynamic response produced by the different experimental conditions were assessed at each voxel using a general linear model with a delayed boxcar wave form and a theory of Gaussian fields (Friston et al., 1995c) , which constituted SPM. To test hypotheses about regionally specific condition effects, the estimates were compared using linear compounds or contrasts. The resulting set of voxel values for each contrast constitutes a SPM of the t statistic SPM{t}. The t values constitute the SPM{t}, which is transformed to the unit normal distribution to give an SPM{Z}. The resulting set of Z values constituted the SPM{Z}, which was then thresholded at P Ͻ 0.05 (corrected for multiple comparisons).
Analysis
We undertook the following comparisons for the main experiment: (i) visual stimulation versus rest (A ϩ B ϩ C versus D); (ii) normally coloured stimuli versus their achromatic counterparts (A versus C); (iii) abnormally coloured stimuli versus their achromatic counterparts (B versus C); (iv) normally coloured versus abnormally coloured stimuli (A versus B); (v) abnormally coloured versus normally coloured stimuli (B versus A).
Results

Activations without a priori hypothesis
The SPM method, as modified for fMRI (Friston et al., 1995a) , is stringent and, in the absence of a priori hypotheses, accepts as valid activations only those that are able to withstand multiple comparisons with all other brain voxels. The stringency can be relaxed when there is an a priori hypothesis. In these studies, our only a priori hypothesis was that the stimuli we used would activate areas V1/V2 as well as area V4. As it happens, they also activated other brain regions consistently and with such high Z scores that no a priori hypothesis was needed. We therefore consider all the activations reported below as being significant and valid at P Ͻ 0.05 (corrected for multiple comparisons). We present the results obtained by averaging the data from nine subjects, but the same pattern of activation was observed in at least six of the subjects, when these were analysed individually.
We begin with the results we obtained with the multicoloured Mondrian compared with its achromatic version, using three subjects. This was done to validate our previous results generally ( McKeefry and Zeki, 1997) and also to provide an anatomical baseline against which the activations produced by the more novel colour stimuli could be compared. The comparison of colour Mondrian versus achromatic Mondrian produced the classical activation of area V1 (and also V2; the two areas were difficult to separate in these relatively low-resolution images). It also produced a bilateral activation of area V4, located in the fusiform gyrus. The position of the latter activation was very similar to the position of V4 as defined in our earlier experiment (Zeki et al., 1991; McKeefry and Zeki, 1997) .
Comparison of normally coloured objects with their black and white counterparts
The activations produced by the other comparisons, derived from nine subjects, together with their Z scores, are given in Table 1 . The activity produced by naturally coloured objects (Fig. 3 ) compared with their achromatic counterparts resulted in a large area of activation within the fusiform gyrus. The posterior part of this zone of activation overlapped with V4 (Zeki et al., 1991; McKeefry and Zeki, 1997) but, unlike the activation produced by the multicoloured Mondrian in this and previous studies, it extended more anteriorly to involve the posterior two-thirds of the fusiform gyrus; it also extended dorsally to involve more of the occipital lobe. Neither the more anterior (along the fusiform gyrus) nor the dorsal (in the occipital lobe, extending to parietal cortex) activation was uniform in intensity, but each contained several 'hotter' areas ( Fig. 3 ). In addition, there was an activation of the hippocampus bilaterally, together with a unilateral activation in the ventrolateral (inferior) frontal convolution, which loosely corresponds to Brodmann areas 47 and 11. We note that the activation of areas V1 and V2 could be observed only when the threshold was dropped to 0.001.
Comparison of abnormally coloured objects with their black and white counterparts
When the same objects described above were given colours with which they are not normally associated (e.g. a blue strawberry; Fig. 1C ), and the activity in the brain produced by viewing them compared with that produced by viewing their achromatic versions, the activations were remarkably similar to those produced by the Mondrian stimuli found in this and previous studies, except that there was additional involvement of the right dorsolateral frontal gyrus (corresponding loosely to territory occupied by Brodmann areas 44, 9 and 46), plus an activation of the left occipitoparietal cortex (Fig. 4) . Hence, in contrast to the comparison of normal colours versus their achromatic counterparts, the activation now did not extend anteriorly in the fusiform gyrus nor did it involve the hippocampus; there was, however, an activation of areas V1 and V2 when the threshold was dropped to 0.001, again statistically significant when coupled to an a priori hypothesis.
Not surprisingly, the comparison of the activation produced by the normal colours versus abnormal colours resulted in a pattern that excluded V4, but included activation of the more anterior parts of the fusiform gyrus (Fig. 5) . But an area of differential activation, not seen in the previous comparisons, now occurred in the posterior cingulate gyrus. By contrast, the reverse comparison-of abnormal versus normal coloursresulted in a large bilateral differential activation of the 
Studies of connectivity inferred from analysis of covariation
Analysis of covariation reveals networks of activation across brain regions, within areas that act together, without reference to any of the four stimulus conditions. A covariation study differs fundamentally from a comparison (contrast) study. The latter reveals the subset of areas that are especially active in any given comparison, without necessarily indicating whether other areas are perturbed by the activation. A covariation study reveals all the areas in which activity covaries with the areas highlighted in the comparison study, and may therefore reveal that two conditions, for example the normally and abnormally coloured pictures, may produce an overall perturbation in areas that may be the same or different. The analysis of covariation is done by choosing a voxel of interest, which is likely to be the maximum of an activated cluster, and asking what other voxels in the brain show activity that covaries consistently with that in the chosen voxel, during the course of all experiments and in all conditions, i.e. in all 240 scans per subject. We were especially interested in the following: (i) the covariation with the activity produced in the frontal lobe at a site found by contrasting normally and abnormally coloured stimuli with their achromatic counterparts. Two such frontal foci, separated in space, were found, constituting two separate covariation studies; (ii) the covariation of activity with that in V4, identified by the same two stimuli, which constituted two further covariation studies. The results shown in Figs 7 and 8 reveal that, when the probe was placed in the part of the ventrolateral frontal gyrus activated by normal colours, a large zone extending from the inferior frontal convolution posteriorly to the middle and superior temporal convolutions was found to show correlated activity. It is interesting to note that these zones of activation were obtained with extremely high thresholds and withstood multiple comparisons; relaxation of the thresholds, but still within the margins acceptable for multiple comparisons, did not result in new areas but extended the zones already demonstrated considerably, both posteriorly and inferiorly. We were especially interested to note that when the probe was placed in the ventrolateral frontal cortex (the area activated by the normally coloured stimuli, group a versus group c), there was an area of activation located in the dorsolateral frontal cortex, within territory that was activated with abnormal colours. Equally, when the probe was placed in the dorsolateral frontal cortex (the area activated by the abnormally coloured stimuli; group b versus group c) the covarying zone included the region activated by normally coloured stimuli, as if the two areas were effectively connected. But the area revealed by such a covariation study was much more extensive and extended posteriorly across the frontal and parietal lobes to the occipital lobe and included area V4 in the fusiform gyrus.
When the probe was placed in the part of V4 activated by the normally coloured stimuli versus their achromatic counterparts (group a versus group c), there was a wide area of activation that included almost the whole of the occipital lobe and extended to the parietal cortex superiorly and to the temporal lobe and the hippocampus anteriorly (Fig. 9) . The covarying areas in the frontal lobe were far less extensive and included small zones in both the dorsolateral as well as the ventromedial frontal cortex. When we placed the probe in the part of V4 activated by abnormally coloured stimuli versus their achromatic counterparts (group b versus group c), the distribution was also very wide within the occipital lobe and it extended to the parietal cortex (Fig. 10) . Unlike the previous covariation, however, there was no involvement of the hippocampus, and no involvement of the anterior twothirds of the temporal lobe. In the frontal lobes there was an extensive, bilaterally distributed, zone of covariation which included the territory of cortex activated by the abnormally coloured stimuli and extended well beyond.
The two different foci of V4 activated by the normally and abnormally coloured stimuli, both of which occur within the territory of V4 as defined by the results of McKeefry and Zeki (1997) , thus seem to covary with two very different networks of areas. To map the difference in the areas that covary with activity with each focus in V4, we analysed the interaction of the two covariation studies by subtracting the areas covarying with V4 in one condition (normal) and those covarying with it in the other (abnormal) condition. The result, as we expected from the covariation studies reported above, involved a wide region that included the temporal areas and the hippocampus bilaterally (Fig. 11) . This confirms that different cortical areas covary with V4 when activated by normally and abnormally coloured visual stimuli.
Discussion
The main result reported here is that when humans view colours in relation to objects, much larger parts of the brain are activated than when they view them in a more abstract context, and that there is a pronounced difference in brain areas that are activated when objects are dressed in natural and unnatural colours. These results confirm our earlier ones in showing that V1 and V2, together with V4, are important centres for colour vision, but they also extend them and Fig. 11 Diagrammatic representation of the results of an interaction of two covariations studies. We subtracted the areas covarying with V4 when V4 was activated by the abnormal colours, from the areas covarying with V4 when it was activated by the normal colours.
provide us with a basis for considering the general role of the cerebral cortex in colour vision. We do so in a broad context, without concentrating on each of the activated areas, about some of which we have no specific hypotheses and whose role requires more detailed experimentation. In spite of the difficulties in interpreting the precise role of some of the activated areas, the overall picture that we have obtained allows us to enquire into the relationship between computational and cognitive theories of colour vision and propose a general three-stage theory of cortical colour processing in the human visual brain.
Some of the results reported here are puzzling, and we begin by discussing them.
The activation of the fusiform gyrus, lateral occipital lobe, the hippocampus and the frontal lobes
The results that we describe here are similar to those described earlier (e.g. Zeki et al., 1991; McKeefry and Zeki, 1997) up to the level of area V4. The differences emerge after that. Specifically, the Mondrian stimulus does not activate regions beyond V4 while the normally and abnormally coloured stimuli do, each activating a separate system. What role these additionally activated areas play in colour vision is difficult to gauge and requires further experiments, which we are currently undertaking. What is clear is that many of the areas activated by the normally and abnormally coloured stimuli lie in regions which can be inferred to be connected with V4 from monkey anatomy. It is naturally difficult to determine exact homologies between the monkey and the human visual brain, especially in the region of the inferior and medial temporal lobes. Figure 12 shows that the inferior temporal convolution in the monkey lies between the collateral sulcus medially and the inferior temporal sulcus laterally. There is no distinction between the fusiform gyrus and the parahippocampal/lingual gyri in the monkey (and we therefore refer to the whole region as the parahippocampal gyrus). In man, by contrast, the distinction is quite clear, the two gyri (fusiform and the lingual-parahippocampal) being separated from one another by the collateral sulcus. We should therefore be a little cautious in attempting homologies, even at the gross macroscopical level. Even in spite of these difficulties, however, monkey studies have shown that V4 is strongly connected with the inferior temporal areas lateral to the collateral sulcus as well as with the parahippocampal gyrus, which lies medial to the same sulcus (Kuypers et al., 1965; Rockland and Pandya, 1979; Desimone et al., 1980; Boussaoud et al., 1991; DeYoe et al., 1994) . It would be surprising if the same general tendency does not exist in the human, though the details may differ. Equally, projections from V4 to the frontal cortex have been described (GoldmanRakic et al., 1984) but they are not necessarily to the specific areas that we have activated in our studies, assuming there to be a straightforward homology, which seems doubtful.
The fusiform gyrus
The work of the past few years has shown that the fusiform gyrus is a critical visual centre in the human brain, and imaging as well as stimulation studies have suggested that it must consist of several different areas (Corbetta et al., 1991; Zeki et al., 1991; Allison et al., 1993; Martin et al., 1995) . In fact, Lungwitz (1937) published a paper in which he proposed several subdivisions within the fusiform gyrus on architectural grounds, although he had little confidence in his own results and proposed that, before being taken seriously, they should be confirmed by functional studies. The extent of subdivision of labour within the lingual and fusiform gyri revealed in the past few years naturally raises the question of the extent of specialization in each area, a problem that can be addressed only when the brains of the same subjects are presented with many different stimuli and the activation sites compared. What is obvious from this study is that the use of naturally coloured objects as stimuli activates, in addition to V4, a part of the fusiform gyrus that lies immediately in front of V4, a zone that is not activated either by stimuli in which the same objects are unnaturally coloured or by abstract Mondrian stimuli. The absence of an activation in this area with these two latter conditions implies that the area is concerned not so much with the identification or recognition of colour, but with the experientially nonconflicting relationship between colour and object, although it may of course have other functions as well. Moreover, the fact that the comparison of abnormally coloured stimuli versus their achromatic counterparts did not produce an activation of the zone anterior to V4 suggests that this area is not particularly concerned with the objects themselves, but confirms that it is more concerned with the relationship of colour to object. Recent computational studies (Wray and Edelman, 1996) have proposed a role for the inferior temporal cortex, which may include the fusiform gyrus. This role supposes that the cells of the inferior temporal cortex explicitly represent a given colour. In view of the results reported here we depart from this interpretation and emphasize instead the importance of the relationship of colour to object.
Occipital lobe
We note that there were two areas of activation in the occipital lobe, of which the smaller was ventrally situated and may coincide with area LO, an area that has been implicated in object recognition (Malach et al., 1995) . But we are puzzled that this same area was not activated when the same objects were dressed in abnormal colours, which suggests that it is not concerned with objects per se. It would also seem that the more posterior and superior activation produced by the normally coloured objects does not coincide in position with the smaller posterosuperior activation produced by the abnormally coloured objects. It is difficult to speculate on the precise significance of these activations, save to say that a much more extensive part of the occipital lobe is mobilized when we look at coloured objects as opposed to colours in a more abstract sense, as in the multicoloured Mondrians. This same impression of a large mobilization of the occipital lobe is also gained from the covariation studies reported above, which show that a large part of the occipital lobe covaries in activity with V4, whether normal or abnormal colours are used.
The hippocampus
The involvement of the hippocampus with naturally coloured objects obviously suggests a memory component. It was thus surprising that the hippocampus was not activated by the abnormally coloured stimuli. To designate a stimulus as being abnormally coloured would, on the face of it, involve a comparison with a memory trace that would indicate what normal colour an object should have. Our covariation studies have shown that activity in the hippocampus covaries with that in area V4 for normally coloured stimuli but not abnormally coloured ones, as if the hippocampus is completely bypassed with the latter stimuli. The published literature (Knight, 1996; Stern et al., 1996) suggests that the hippocampus is involved in novelty detection; we therefore supposed that it would also be activated by our stimuli. Our results imply that the hippocampus is a good deal more selective than that and raises the question of whether it is more selective for some kinds of visual memories than for others; it is, for example, plausible to suppose that the occasional view of an abnormally coloured object is not stored in memory. But this raises the question of how the brain classifies an object as being abnormally coloured except by reference to a memory system that has already classified objects according to normal colours. At face value, therefore, the fact that normally and abnormally coloured stimuli activate different pathways would imply that these could have specialized roles in memory, but what these roles are no one knows.
The frontal lobes
With the frontal lobes we are confronted with interpreting the role of two separate foci of activation rather than the absence of activation for one condition but not the other; one locus was situated ventrally and activated by normally coloured objects and the other situated dorsolaterally and activated by abnormally coloured objects. These two general zones have been found to be activated with other tasks in which visual stimuli were linked to factors such as memory, spatial location and attention (McCarthy et al., 1994; Desmond et al., 1995; Smith et al., 1995 Smith et al., , 1996 Baker et al., 1996) . We are not in a position to say whether the areas of the dorsolateral and ventrolateral cortex that have been activated in our studies are identical to those that have been activated in previous studies (Fletcher et al., 1996) . What is clear is that, in our studies, the two zones were activated by visual stimuli that were in every respect identical save that in one the objects were dressed in normal colour while in the other they were abnormally coloured. It would thus seem that the two separate zones of the frontal lobe do not deal with different modalities but with the kind of processing that the relationship of two attributes demands. It is therefore interesting to note that the same general zone of the frontal lobe that was activated with our sui generis coloured stimuli was also activated with non-canonical views in the study of Kosslyn et al. (1994) .
Whatever may be the precise involvement of the frontal lobes in colour vision, it is clear that it is with more complex colour tasks, since the frontal lobes were not activated by simple Mondrian stimuli. There are currently two alternative views of the functional significance of the activated regions of the frontal lobes, both related to memory (for a review, see Owen, 1997) . One supposes that there is a specialization of function according to the modality of the information being processed while the other suggests that the specialization is for the nature of the processing that is required, irrespective of the actual modality. We are not at present able to support one view against the other and are currently undertaking further experiments that might help us decide between the two alternatives.
The construction of colour by the brain
In spite of these difficulties in interpreting the precise role of the activated regions in cortical colour vision, the overall picture allows us to formulate a general three-stage theory of cortical processing in colour vision. We do so within the context of the single most important feature of the colour system, generally referred to by psychologists as colour constancy, a rather unfortunate term since it implies that there is colour inconstancy. How the brain is able to assign a constant colour to a surface in spite of wide fluctuations in the wavelength composition of the light reflected from it remains a mystery. There are nevertheless certain strategies that the brain must adopt in executing this task, which we outline below. Whatever the level, we suppose that it is within what we may call the colour pathways in the brain that the strategies are executed. That we can speak of colour pathways in the brain implies that they are to some extent segregated and the weight of anatomical and physiological evidence broadly supports this notion, although there have been dissenting voices, chiefly those of Lennie et al. (1990) and Leventhal et al. (1995) . However, neither of these studies has the compelling anatomical evidence that is the hallmark of papers showing functional segregation at the level of V1 (Livingstone and Hubel, 1984b) and V2 (Livingstone and Hubel, 1984b; Shipp and Zeki, 1985; Zeki and Shipp, 1989; Roe and Ts'o, 1995) and are therefore less convincing.
Determination of the wavelength composition of the light from every point in the field of view
A vital initial step is of course to register the presence and intensity of different wavebands of light coming from every part of the field of view, a function seemingly vested in V1, and possibly also V2 (Zeki, 1983a, b) , both of them areas with a highly topographic map of the visual field (Cragg, 1969; Zeki, 1969; Van Essen and Zeki, 1978) . The cells in the former area have relatively small receptive fields and most are concentrated within compartments that stain richly for the metabolic enzyme cytochrome oxidase (Livingstone and Hubel, 1984a; Shipp and Zeki, 1985; Ts'o et al., 1990; Born and Tootell, 1991; Bartfeld and Grinvald, 1992; Blasdel, 1992; Obermayer and Blasdel, 1993; Levitt et al., 1994a; Roe and Ts'o, 1995) . Most also apparently respond to what is in their receptive field without regard to what occurs in the surround, in spite of the fact that there are rich horizontal connections capable of linking the specialized zones in which the wavelength-selective cells are concentrated (Levitt et al., 1994b; Yoshioka et al., 1996) . The wavelength-selective cells are, on the whole, indifferent to the colour of the surface in their receptive fields and respond only if a sufficient amount of light of their preferred wavelength is reflected from it, the cells often increasing their discharge rate with an increase in intensity. In a somewhat abstract sense, these cells do in fact undertake a comparative operation, since their responses are dictated by the amount of light of a given waveband in relation to the amount of light of other wavebands in the light reflected from their receptive fields, as well as by the sequence with which they are stimulated by lights of different wavebands (Zeki, 1983a, b) . As an example, a middle-wave (green)-selective cell will respond to a green surface (or a yellow or a blue one) if the amount of middle-wave light reflected from its receptive field is in a certain balance with lights of other wavebands reflected simultaneously, irrespective of the colour. On the other hand, the sequence with which the cell is activated by lights of different wavebands will determine whether it will respond to a surface or not, again regardless of colour (Zeki, 1983b) . But these comparisons are with what happens at a given point in the field of view (defined as the receptive field). Indifferent to what happens in the surrounds of their receptive fields, such cells seem to be ill-suited to indulge in the ratiotaking operations that are at the heart of colour-generating operations.
Like the compartmentalization of the wavelength-selective cells of V1, those of V2, which have not been studied in such great detail, are also concentrated in stripes of high cytochrome oxidase content, known as the thin stripes (DeYoe and Van Essen, 1985; Hubel and Livingstone, 1985; Shipp and Zeki, 1985) , each thin stripe representing a given portion of the visual field (Zeki and Shipp, 1989; Roe and Ts'o, 1995) . These thin stripes are also interconnected by a system of horizontal fibres (Levitt et al., 1994b) , but such connections appear to be ineffective in enlarging the receptive field properties of cells and thus allowing them to collate information from large parts of the field of view. Based on a study of relatively few cells, it has been suggested that there may be cells in V2 that are involved in an initial spatial wavelength-differencing operation (Zeki, 1985) , an operation that could be undertaken by the double-opponent cells (Daw, 1968; Livingstone and Hubel, 1984a) . But given the relatively small size of their receptive fields, their operations would be expected to be limited to restricted parts of the field of view. Most of this evidence comes from physiological studies in monkeys. However, given the close similarity between the metabolic architecture of V1 and area V2 in the monkey and in man (Horton and Hedley White, 1984; Burkhalter and Bernardo, 1989) , it is plausible to suggest that a similar strategy is used in man. This is reinforced by the observation that humans and monkeys with lesions in V4 but with a totally or partially intact V1 are able to discriminate between different wavelengths, though with an elevated threshold and without being able to assign colours to them (Fries and Zeki, 1979; Vaina, 1994) .
In summary, the first stage in colour processing by the brain may be said to be the gauging of the wavelength composition of the light coming from every point in the field of view, registering changes in that wavelength composition and undertaking the first wavelength-differencing operations (Zeki, 1983a (Zeki, , b, 1985 .
Comparison of the wavelength composition of the light reflected from one surface with that reflected from surrounding surfaces
The second stage is largely centred around V4, which receives input from the thin stripes and interstripes of V2 (Zeki and Shipp, 1989) and from foveal V1 (Zeki, 1978; Nakamura et al., 1993) . Its cells have larger receptive fields than those in V1 and, correspondingly, its topography is less precise in retinotopic terms (Van Essen and Zeki, 1978) . Anatomical and physiological evidence shows that there is some functional parcellation within V4, though its significance remains obscure. Wavelength-and colour-selective cells that are indifferent to the form (orientation) of the stimulus appear to be concentrated and separated from cells for which orientation selectivity is a prominent feature, in addition to wavelength bias or preference (Zeki, 1983d; Desimone and Schein, 1987) . This second stage would appear to involve a greater spatial comparison across larger segments of the field of view, implicit in the larger receptive fields of cells in V4 and the strong influences from the surround that have been detected in them (Zeki, 1983d; Desimone and Schein, 1987) . It is indeed this capacity to undertake comparisons across distant points in the field of view-even when the points are in separate hemispheres (e.g. Land et al., 1983) -that has led to the suggestion that the first possible site for largescale spatial comparisons must be in V4 (Zeki, 1993) , since V4 is the first area beyond V2 that has wavelength-selective cells and callosal connections extensive enough to unite the representation of zones well beyond the midline (Zeki, 1970; Van Essen and Zeki, 1978; Desimone et al., 1993) . This is consistent with physiological evidence which has shown the existence within V4 of cells whose responses correlate with the human perception of colours, regardless of the precise wavelength composition of the light reflected from the cells' receptive fields (Zeki, 1983a) . This second stage, of spatial comparison of the wavelength composition of the light reflected from one surface and from surrounding surfaces, must involve at least two processes, assuming that the neural implementation used by the brain to construct colours is anything like that posited by computational theories (Land, 1974) . One process would consist of generating a lightness at a given waveband for a given surface in the field of view, by comparing the intensity of light reflected from that surface with the intensity of the same light reflected from other surfaces. The second comparison would be to compare the lightness of a patch produced by at least two different wavebands, the comparison of comparisons leading to colour (Land, 1974 (Land, , 1984 . In general, we suppose that these comparative stages occur outside V1 and V2 because the topographic organization of V4 and the larger receptive fields of cells in it are more hospitable to such an undertaking (see also Courtney et al., 1995) . We note that imaging evidence shows that V4 is strongly activated with Mondrian colour stimuli, without entailing activation of other cortical zones (beyond V1 and V2) (Lueck et al., 1989; Zeki et al., 1991; Sakai et al., 1995; McKeefry and Zeki, 1997) . But we cannot of course be sure that such a comparison cannot be taken at a more restricted level by the cells of V2, for example, the double opponent cells.
In summary, although we have no notion of the precise neural mechanisms that may be deployed in such undertakings, these comparative ratio-taking processes may all be grouped together to constitute the second stage of cortical colour processing. We of course emphasize that these two initial stages in cortical colour processing are part of a continuous process and cannot be compartmentalized as independent processes. The anatomy of the connections between V1, V2 and V4 is two-way (Zeki, 1971; Zeki and Shipp, 1989; Desimone et al., 1993) and this strongly suggests that the results of the operations undertaken by V4 are relayed back to both areas, just as the results of the operations undertaken by V1 and V2 are communicated to V4.
Since we have relied heavily on monkey studies in interpreting the role of the cortex in colour vision, it is as well to emphasize the fact that behavioural studies in monkeys with lesions in V4 show that colour constancy mechanisms in them are impaired (Walsh et al., 1993) , as in humans with subtotal lesions in V4 (Kennard et al., 1995) . Moreover, deoxyglucose studies, as well as optical imaging studies and PET studies in monkeys show that V4 is activated with colour stimuli (Ts'o and Ghose, 1997; Takechi et al., 1997; Vanduffel et al., 1997; see also Zeki, 1996) . Finally, the fact that the topography within human V4 is essentially similar to that of monkey V4 (McKeefry and Zeki, 1997) makes it not entirely implausible that the two areas may be homologous, although such a homology has been strongly disputed (Heywood and Cowey, 1987; Heywood et al., 1991 Heywood et al., , 1992 Heywood et al., , 1994 Heywood et al., , 1995 .
Investment of objects with colours
The first two stages are really concerned with the automatic computation of colour, without regard to objects. In such a computation there is no 'right' or 'wrong' colour since the colour belongs to an abstract composition and has no relevance to an object. The third stage uses the results provided by the first two and is much more concerned, not with computing colours in an abstract sense, but with object and surface colours. The cortical site of this third stage would seem to be largely beyond the V4 complex but in fact may also involve V4. It was interesting to note, for example, that the activity produced by normally coloured objects overlapped the territory of V4 (as determined in the study of McKeefry and Zeki, 1997) to a lesser extent than that produced by abnormally coloured objects. In the macaque monkey, orientation-selective cells (which are assumed to be important for form perception) have been found in V4 (Zeki, 1975 (Zeki, , 1983a Desimone and Schein, 1987) , although many of these have variable degrees of colour preference and in general have broader orientational tolerances than their counterparts in areas V2, V3 and V3A (Zeki, 1997) . Moreover, physiological evidence suggests that there is a compartmentalization within V4 itself, regions of heavy concentration of orientation-selective cells being separated from each other by cells with strong colour or wavelength selectivities (Zeki, 1983c) , a finding reflected in the results of recent imaging experiments, which also show islands of colour-activated cells within V4 (Ts'o et al., 1997; Vanduffel et al., 1997) . It is of course possible that the process of compartmentalization has gone further in the human and that V4 may in fact consist of two or more subdivisions, of which some are more concerned with form than others. Behavioural and clinical experiments do not help us much here because they have been controversial, some claiming a deficit in form perception after V4 lesions, and others not (Heywood and Cowey, 1987; Heywood et al., 1991 Heywood et al., , 1992 Heywood et al., , 1994 Heywood et al., , 1995 Kulikowski et al., 1994) . Thus, neither the animal nor the human evidence resolves the precise role of V4 in form perception and its relation to colour.
What is more suggestive is the involvement of the fusiform and the parahippocampal gyri in the experiments reported here. This broad zone, located inferiorly and medially in the temporal lobe is one that, in the monkey, is reciprocally connected with the V4 complex (Desimone et al., , 1980; DeYoe et al., 1994) . It is therefore interesting to note that colour-coded cells have been detected there by single-cell physiology (Mikami and Kubota, 1980; Fuster and Jervey, 1982; Komatsu et al., 1992) . It is obvious that here the relationship of the colour to the object that it invests becomes important, and it is obvious, too, that recognition and memory must therefore play a role. What was surprising to us was the extent of the cortical machinery that is mobilized in this task because, in addition to the zone mentioned above, the frontal cortex as well as the hippocampus become involved. One may have supposed somewhat naively that identical pathways and areas would be involved in determining whether an object is invested with the right or the wrong colour; instead our results showed that disparate areas and pathways are involved. This raises the interesting question about where the decision to use one pathway or another is taken, which we discuss below.
We of course emphasize that we are speaking of three broad stages of colour processing; each almost certainly involves substages of varying difference. In a sense, all three stages can be thought of as undertaking a comparison: at the level of V1 and V2 it is a comparison of the amount of light of different wavebands coming from a given point in the field of view, and a comparison of the wavelength composition of the light from that point at successive times (Zeki, 1983a, b) ; in V4 the emphasis is on a greater spatial comparison, and in the regions beyond it is on a comparison with the stored memory records.
The far from complete pathological evidence lends some support to this three-stage processing system. Patients with lesions in V1 are obviously blind but those with lesions in V4 are impaired in their colour vision, seeing the world in dirty shades of grey (for a review, see Zeki, 1990) , in spite of the fact that they are able to distinguish between different wavelengths of light, though with elevated thresholds (Vaina et al., 1990; W. Fries and S. Zeki, unpublished results) . This implies that they are able to detect the wavelength composition of the lights coming from a point but unable to effect the long-range spatial comparisons that are essential for colour vision. Colour constancy mechanisms are compromised in such patients (Kennard et al., 1995) . Our recent studies (S. Zeki, S. Aglioti, D. McKeefry and G. Berlucchi, unpublished data) of a patient who had been rendered blind following vascular insufficiency but who had retained his colour vision (Wechsler, 1933; Hécaen and Ajuriaguerra, 1956; Hécaen et al., 1974; Humphrey et al., 1995) have shown that his colour vision is largely, though not exclusively, wavelength-based. The patient is heavily dependent upon wavelength composition in assigning colours to surfaces; correspondingly, psychophysical studies show that he is largely unable to effect the kind of long-range spatial comparisons that are essential for the construction of colours. It is not surprising to find, therefore, that colour constancy mechanisms are largely compromised in him, just as they are in patients with V4 lesions (Kennard et al., 1995) . Brain activation studies using fMRI have shown that, unlike what happens in normal subjects (where both V1 and V4 are active), it is V1 that is mainly activated when this patient views colours. The earlier studies of Humphrey et al. (1995) had shown that the patient was severely compromised in his ability to perceive forms and our studies confirm that he cannot assign forms to the colours that he can characterize correctly, largely on the basis of wavelength composition alone. This pathological state, which is the closest that one seems to be able to get to the fauvist dream of liberating colours from forms, lends striking support to the existence of a separate colour system, independent of the system concerned with form. Land (1974) conceived of his retinex system as a largely abstract computational implementation without reference to faculties such as memory learning, judgement and recognition. The paradigm he used, that of a multicoloured abstract scene with no recognizable objects, has in fact been used successfully in both physiological and imaging experiments and part of its appeal was indeed the absence within the stimulus of what are overtly recognizable objects. It is interesting to note that the use of the Land colour Mondrian stimulus activates relatively early parts of the visual pathways, including V4, but that the activity does not spread more anteriorly within the temporal lobe and does not involve the hippocampus or the frontal lobe, regions of the brain traditionally associated with higher cognitive functions. The Land system has been pitted against what we shall refer to as the cognitive systems of Helmholtz, Hering and others. Helmholtz invoked ill-defined factors to account for colour constancy, and among these were judgement and learning. He thought of colour vision as being 'due to an act of judgement, not an act of sensation', although he implied that some of the processes involved in assigning constant colours to objects may be computational in nature, i.e. not to involve higher cognitive functions, since he thought that these acts of judgement may be executed 'unconsciously and involuntarily' (Helmholtz, 1867) . Ewald Hering (1877 Hering ( /1964 , emphasized memory instead, writing that 'all objects that are already known to us from experience, or that we regard as familiar by their color, we see through the spectacles of memory color, and on that account quite differently from the way we would otherwise see them'. In many ways, the results of the present study vindicate both views and show that the automatic computation of colour in the abstract, without reference to particular objects or scenes, is always undertaken by the brain in specific areas but that memory, learning and judgement are important additional faculties used by the colour system when colours invest objects and are part of them. The latter is the more usual condition and recruits additional cortical areas, well beyond the automatic computational stage that computes colours without reference to the actual objects. The kind of elementary computation that Land is referring to is implicit in the HelmholtzHering cognitive system, which simply goes beyond that computational level. It is interesting to note, therefore, that whether one uses the Land Mondrian or more naturalistic images invested with normal or abnormal colours, V4 is always activated. The differences emerge beyond that level.
Computational versus cognitive theories of colour vision
Alternative pathways beyond V4
That normally and abnormally coloured stimuli activate strikingly different pathways beyond V4 implies not only that V4 has connections, direct or indirect, with a large part of the brain but also that the part of the network that is mobilized depends upon the nature of the stimulus. In the absence of more detailed evidence, it is difficult to know with any certainty whether there is a particular cortical stage at which one pathway or another is mobilized, but we are inclined to think that it is at the level of the commonly activated V4, although even this is not certain since normally and abnormally coloured stimuli may activate different subdivisions within V4. At any rate, the results presented here imply that the colour system of the brain is able to distinguish physiologically between normally and abnormally coloured objects, since which part of the extensive outward network from V4 gets activated depends upon the features of the stimulus.
The neurology of representational and abstract art
We are aware that we are exposing ourselves to possible ridicule when we say that part of the inspiration for these experiments was derived from the fauvist school of painting. Yet it is difficult to deny that that inspiration has resulted in interesting results about the functioning of the visual brain. In particular, it is evident that fauvist art had, unknowingly, used cerebral pathways that are quite distinct from those used by representational art that uses correct colours. This in turn supports our view (Zeki and Lamb, 1994) that artists are in a sense experimenting with the potentials of the visual brain, and unknowingly uncovering laws about its organization.
Perhaps the most interesting feature that comes from this study is that abstract paintings, such as the multicoloured Mondrians that we used in these and previous studies, do not activate as extensive a region of the brain as the use of coloured objects, though they activate the same regions as V4. Abstraction, by which we mean non-iconic abstraction (i.e. art which does not represent or symbolize objects), has been a very dominant tendency in modern art. Through it artists like Mondrian, Malevich and many others have tried to reduce the many features in the visual world to their constant elements (Mondrian, 1937) . In this, abstract art differs from the more pervasive representational and narrative art. What our studies have shown is that, when applied to colour vision, the two broad kinds of art use common pathways up to a point and then divergent pathways beyond. The Mondrian experiments result in activation of areas up to V4 and not beyond; the experiments reported here, in which more naturalistic images were used, activate area V4 and other areas beyond. We would be surprised if a study that is undertaken with real works of art, representing the two broad subdivisions that we have alluded to above, does not result in the activation of similar pathways to the ones that we describe here. Thus, what started off as a relatively simple experiment, inspired by the fauvist habit of painting common objects and scenes in the 'wrong' colours, has ended up by involving us not only in problems which we had never thought of visiting-of the difference between surface colour and object colour, of the role of memory and of the hippocampus in colour vision and of the monitoring systems in the frontal lobe-but has also, we hope, provided small insights into the grander problem of the relationship between brain physiology and visual aesthetics.
